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Chapter 32 
Catalytic Properties and Partial Amino 
Acid Sequence of an Actinomycete 
Endo-(1-->4)-β-D-Xylanase from Chainia Species 
Kulbhushan B. Bastawde1,2, Louisa B. Tabatabai3, Michael M. Meagher2, 
Mandayam C. Srinivasan1, Hari G. Vartak1, Meenakshi V. Rele1, 
and Peter J. Reilly2,4 
1Division of Biochemical Sciences, National Chemical Laboratory, 
Pune 411 008, India 
2Department of Chemical Engineering, Iowa State University, 
Ames, IA 50011 
3National Animal Disease Center, Agricultural Research Service, 
U.S. Department of Agriculture, Ames, IA 50010 
An endo-(1-->4)-β-D-xylanase from a cellulase-free Chainia strain 
was substantially purified and subjected to amino acid sequencing. The 
first forty N-terminal amino acid residues show high homology with 
endo-xylanases from Bacillus pumilus, B. subtilis, B. circulans, and 
Schizophylum commune, less homology with endo-xylanases from 
Aureobasidium sp. and Pseudomonas fluorescens, and slight homol­
ogy, but including a possible catalytic Asp residue, with catalytic do­
mains of endo-xylanases from Clostridium thermocellum, Cryptococ­
cus albidus, and an alkalophilic Bacillus and with a cellobiohydrolase 
from Cellulomonas fimi. The enzyme attacks substrates as small as 
xylotetraose and has xylosyltransferase activity. It is most active at pH 
6 and 60°C and most stable between pHs 5 and 7. 
Endo-xylanases (l,4-p-D-xylan xylanohydrolase, EC 3.2.1.8), which hydrolyze main­
ly interior p-(l->4)-D-xylosyl bonds in the plant hemicellulose xylan, have been 
isolated from many fungi and bacteria and occasionally from plants and invertebrates. 
Because xylan is one of the most common of all natural materials, and its removal or 
conversion is often desirable, the endo-xylanase family has high commercial as well as 
scientific interest. 
Many actinomycetes are able to degrade at least a portion of the plant 
lignocellulosic complex, and this has led to extensive research into the identities and 
characteristics of the enzymes that are involved in the degradation. Much of this work 
has recently been reviewed (7,2). In summary, actinomycete endo-xylanases are 
often produced in multiple forms by the same strain and are often associated with 
cellulases. They have optimal pHs for activity and stability between pHs 5 and 8, 
retain activity for substantial periods at 50°C or above, have molecular weights from 
20 to 50 kDa, and have widely varying isoelectric points. Different forms give xylo-
oligosaccharide mixtures of different average chain length, depending on the number 
of subsites in their active sites and therefore by the smallest substrate that they can 
cleave (J). Generally it is to be expected that endo-xylanases will have increasing 
maximum rates and decreasing Michaelis constants as substrate chain length increases. 
4Author to whom correspondence should be addressed. 
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Endo-xylanases can be used industrially in two ways: 1) to remove xylan from 
paper pulp to give purer cellulose, and 2) to convert xylan into D-xylose or xylo-oligo-
sac^harides that can be further converted into useful materials. In the first case, at 
least, it is clear that the enzyme preparation should be free of cellulases, either by 
( hoosing, or producing by mutation, a strain that makes xylanases but not cellulases, 
or by separating the latter from the former after they are produced. In nearly all cases 
Me use of a cellulase-free strain is preferable. 
We report in this article work on a cellulase-free strain, NCL 82-5-1 (also NCIM 
2980 and ATCC 53812), a member of the actinomycete genus Chainia. Its microbio­
logical properties and its production of separate D-glucose and D-xylose isomerases 
have previously been reported (4,5). This strain also elaborates endo-xylanase activ­
ity, with the highest levels occurring when it is grown on xylan (6). The endo-xylan­
ase activity was partially purified by ethanol precipitation and appeared, by polyacryl­
amide gel electrophoresis (PAGE) at pH 4.3, to be from one protein. Activity was 
highest in a 30-min assay on xylan at pH 5.0 and almost 65°C, and was unchanged 
after 10 min at pH 6.0 and 60°C. Isoelectric focusing yielded an isoelectric point of 
8.0. The activity was adsorbed by CM-cellulose at pH 6.0 and eluted at pH 7.5 (6). 
This article describes the further purification of this endo-xylanase and the meas­
urement of its isoelectric point, partial amino acid sequence, activity and stability at 
various pHs and temperatures, and characteristic products when it hydrolyzes linear 
xylo-oligosaccharides. 
Experimental 
Xylanase Assay. Xylanase activity was determined with the ferricyanide assay 
(7). Xylan suspension of approximately 5% concentration was made from Sigma 
larchwood xylan, Lot 125C-00582, which was suspended in 0.025M potassium 
phosphate buffer at pH 6.0. A mixture of 1.95 mL of this and 0.05 mL of enzyme 
dissolved in the same buffer was incubated at 50°C, and 0.2-mL samples taken at 
various times were added to 0.8 mL of 2% Na2CC>3 solution. This mixture was added 
to 5 mL of ferricyanide solution (2 g Na2CC>3, 0.5 g KCN, and 0.09 g K 3Fe(CN) 6in 
100 mL water) The mixture was heated to 10O°C for 10 min and then cooled to room 
temperature. Absorbance of the resulting solution in a 10-mm path length cuvette was 
measured at 420 nm. One unit (IU) is the activity that produces 1 μπιοί of reducing 
sugar in 1 min under the conditions of the assay. 
Tests of Purity. Isoelectric focusing (IEF) in a 0.5-mm thick horizontal slab gel 
was performed with LKB pH 7-9 ampholyte (Ampholine 1809-136) (8). Electro­
phoresis was run at 10°C for 6 h at a constant voltage of 1800 V. Protein was visual­
ized using silver stain (9) or Sigma Coomassie Brilliant Blue G-250. 
PAGE was carried out according to the modified method of Reisfîeld et al. (10), 
using Fuchsin Red as a marker. Gels were run under cathodic conditions and then 
stained with Coomassie Blue. 
Sodium dodecyl sulfate-PAGE (SDS-PAGE) was conducted in a 0.5-mm thick 
15% horizontal slab gel (77). Samples were prepared in buffer with dithiothreitol and 
heated to 100°C for 5 min. The gel was prerun for 3 h at 10°C, pH 8.3, and 150 V, 
and then samples were run for 3 h at 250 V. Protein was again visualized with silver 
or Coomassie Blue stain. 
Glycoprotein Carbohydrate Analysis. Gels from PAGE were fixed with iso-
propanol-acetic acid-water (25:10:65 v:v:v), stained with 0.2% thymol in the fixing 
solution, and washed two or three times with the same fixing solution. This was 
followed by staining with concentrated t^SO^ethanol (4:1 v/v) at 35°C for 2-3 h 
(12). 
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Protein Sequencing. The xylanase protein sequence was obtained by stepwise 
automated Edman degradation after an initial double-coupling protocol, using an Ap­
plied Biosystems model 470A gas-phase sequenator equipped with an on-line Applied 
Biosystems model 120A PTH-amino acid analyzer (75). 
HPLC of Carbohydrates. Samples of carbohydrates after enzymatic hydrolysis 
were analyzed by two methods. Those from the hydrolysis of xylan, xylopentaose 
(X5), xylohexaose (XO)» a n d xyloheptaose (X7) were passed through a Bio-Rad 
HPX-42A strong-acid ion-exchange column (7.8 mm i.d. and 300 mm long), using 
85°C water flowing at 0.4 mL/min as eluent. Samples from the hydrolysis of 
xylooctaose (Xg) and xylononaose (X9) were separated with a Supelcosil LC-NH2 
amino-bonded silica column (4.6 mm i.d. and 250 mm long) eluted with 70% acetonit-
rile-30% water (v/v) at room temperature and 1.3 mL/min. A Rheodyne 7125 injector, 
Erma ERC-3510 solvent degasser, Waters M-6000A pump, and Erma ERC-7510 
differential refractive index detector were used. 
Xylo-oligosaccharides. Samples of X 4 through X 7 of 98% purity or better and of 
Xg and X9 of 90% or better were prepared by acidic hydrolysis of larchwood xylan 
and preparative chromatography, as previously described (3). 
Xylanase Purification 
Xylanase was obtained from filtered fermentation broths of Chainia NCL-82-5-1 (6). 
It was precipitated by the addition of three volumes of 0-4°C ethanol, separated from 
the supernatant by centrifugation, and lyophilized. Four column chromatographic 
steps, DEAE-cellulose anion exchange, Fractogel TSK DEAE-650S anion exchange, 
Sephadex G-50-50 gel permeation, and CM-Trisacryl cation exchange, were used for 
purification. 
In the first step, 2.2 g of the ethanol-precipitated solid were dissolved in 55 mL of 
0.05M sodium phosphate buffer at pH 7.3, the undissolved residue was removed by 
centrifugation, and the supernatant was added to a 50-mm i.d., 180-mm long DEAE-
cellulose column held at room temperature and eluted with 3.33 mL/min of the same 
buffer. Since the isoelectric point of the desired xylanase was above the buffer pH, it 
passed through the column without being retarded, and contaminating protein was re­
moved. 
The 600 mL eluate was concentrated at 4°C, the temperature used for all further 
purification steps, with an Amicon YM-2 membrane to 30 mL and divided into three 
equal parts. Each was loaded on to a 20-mm i.d., 900-mm-long Fractogel TSK 
DEAE-650S column and eluted with 4 mL/min of 0.05M sodium phosphate buffer at 
pH 7.2. 
The three pools of xylanase activity contained 224 mL; they were combined, con­
centrated as before to 12 mL, and split into two portions of 6 mL. Each was added to 
a 45-mm i.d., 1.3-m-long Sephadex G-50-50 column and eluted with 1 mL/min of the 
pH 7.2 sodium phosphate buffer. Two peaks of xylanase activity resulted. The first 
to elute, Xylanase I, represented approximately 2.5% of the original endo-xylanase 
activity, while Xylanase Π represented about 10%. 
Attempted purifications of Xylanase I, which has an apparent molecular weight 
four to six times that of Xylanase II by gel permeation chromatography, by various 
chromatographic procedures all failed, as more Xylanase II continued to form as the 
solution underwent dilution (Pestlin, S., Iowa State University, unpublished data). 
Xylanase I therefore appeared to be cluster of Xylanase II molecules. 
Xylanase Π was subjected to cation exchange chromatography with a 20-mm i.d., 
700-mm long CM-Trisacryl column eluted with 0.8 mL/min of 0.025M sodium acetate 
buffer at pH 4.5, with a 0-0.2M sodium chloride gradient. Only one protein peak el­
uted from the column; it contained all the Xylanase Π activity. This material appeared 
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pure by PAGE, SDS-PAGE, and EEF. However, silica-bonded Co reverse-phase 
HPLC (Strickland, W. N., University of Wisconsin Biotechnology Center, personal 
communication, 1989), rnatrix-assisted laser desorption mass spectroscopy (Chait, B., 
Rockefeller University, personal communication, 1989), and automated Edman deg­
radation all indicated the presence of moderate amounts of lower-molecular-weight 
polypeptides. 
In various runs, specific activity went from an average of 2.75 IU/mg protein 
(based on the Bio-Rad protein assay with bovine serum albumin standard) for the cen-
trifuged crude preparation after alcohol precipitation, to 8 IU/mg after DEAE-cellulose 
chromatography, to 100 IU/mg after DEAE-Fractogel chromatography, to 1000 IU/mg 
after Sephadex G-50 chromatography, and to 3200 IU/mg after CM-Trisacryl chroma­
tography. 
Xylanase II Characterization 
Isoelectric Point. The isoelectric point of Xylanase II, measured by IEF, was 
found to be pH 8.5. 
Protein Sequencing and Structure. The sequence of the first forty amino acid 
residues from the amino terminus of Xylanase II was determined (Figure 1). The 
identities of residues 7 to 31, less those at 19 and 22, which were uncertain, were con­
firmed at the University of Wisconsin Biotechnology Center (Niece, R. L., personal 
communication, 1988); in addition, an endo-xylanase from a closely related strain has 
the same sequence through residue 40 (Jeffries, T. W., Forest Products Laboratory, 
USDA Forest Service, personal communication, 1990). The N-terminal region of 
Xylanase Π was highly homologous (36-46% identical residues) with the analogous 
regions of endo-xylanases from Schizophyllum commune (74), Bacillus pumilus 
(75), Bacillus subtilus (16), and Bacillus circulons (77), which in this region has a 
sequence identical to that of the endo-xylanase from B. subtilis. It has somewhat less 
homology (18-20% identical residues) with the N-terminal region of an Aureobasid-
ium sp. endo-xylanase (18) and with an interior region of an endo-xylanase from 
Pseudomonas fluorescens (19). Homology with endo-xylanses from the catalytic 
regions of an alkalophilic Bacillus sp. (20), Clostridium thermocellum (21), and 
Cryptococcus albidus (22,23), and a cellobiohydrolase from Cellulomonas fimi 
(24) is mainly limited to residues 21-24 of Xylanase II, which contain one highly 
conserved Asp residue and two almost equally highly conserved Gly residues. 
The amino acid sequences in Figure 1 are arranged in order of their relationship to 
each other, as shown in Figure 2. Also shown there are the percentage of gaps neces­
sary to align different sequences. 
Concentrations of p-chloromercuribenzoate as low as 0.28mM completely sup-
ressed the activity of Xylanase Π, suggesting the presence of a sulfhydryl group in the 
active site. 
Carbohydrate Content. Staining of gels from PAGE yielded a single deep red 
band, signifying that Xylanase Π is a glycoprotein. However, the enzyme was not ad­
sorbed on a Concanavalin A column, suggesting that it does not contain oc-D-
mannopyranosyl or α-D-glucopyranosyl residues. 
Specificity. Under the conditions of the assay, Xylanase II had little or no activity 
on cellulose, carboxymethylcellulose, Avicel, and starch. 
Koch-Light 1887-00 oat-spelt xylan (Lot 90560) was split into soluble and insol­
uble fractions by dissolving it in 0.05M, pH 6.05 sodium citrate buffer and centrifug-
ing out the undissolved material. The insoluble portion was suspended in the buffer in 
roughly 1% concentration and was assayed with an equal volume of Xylanase II in 
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A l A G 
Se 1 S G T P S S T G 
C 1 A T T I T T N Q T G 
Bp 1 R T I T N N E M G 
Bs 1 
Pf 354 A G Q V K S WD V V 
B 150 T V V E R Y K D D V 
Ct 628 Τ V M Τ H Y K G Κ I 
Cf 110 K V A D H F E G K V 
Ca 72 I V A E A K K T G S 
- P G G I D Y V Q N 11 
T D G G Y Y Y S W - 17 
Y D G M Y Y S F - - 18 
N H S G Y D Y E L - 18 
A S T D Y WQ N 8 
N E A L F D S A D - 372 
T S W D V V N E V - 168 
V E W D V A N E C - 646 
A S W D V V N E A - 128 
L L R - G H N I C - 89 
A 12 Y N G - N L G Q F 
Se 18 WT D - G A G D A 
C 1 9 W T D - G G G S V 
Bp 1 9 W K D Y G N - T -
Bs 9 WT D - G G G I V 
Pf 373 D P D - G R G S A 
B 169 I D D - G G G L R 
Ct 647 M D D S G N G L R 
Cf 129 F A D - G D G Ρ P 
Ca 9 0 W - D S Q L R Y A 
Τ Y Ν Ε N A G - - - T 27 
T Y 27 
S M T L N G G G - - S 35 
S M T L Ν N G G - - A 34 
N A V N G S G G - - N 25 
N G Y R Q S V F Y - R 390 
E S E W Y Q I T - - G 185 
S S I WR Ν V I - - G 664 
Q D S A F Q Q K L - G 146 
H E V A P K M K L C I 108 
A 28 Y S M - Y WN N G V N G D F V V G L - G 45 
C 36 Y Τ T - R E 40 
Bp 35 F S A - G WN N I G N A L F R K G K K F 53 
Bs 26 Y S V - N W S N T G N F V V G K G W T T 44 
Pf 391 Q F G G P E Y I D E A F R R A - P R - A 408 
B 186 T D Y - I K V A F E T A R K Y G G E E A 204 
Ct 665 Q D Y - L D Y A F R Y A R E A D P D - A 682 
Cf 147 N G Y - I E T A F R A A R A A D P T - A 164 
Ca 109 N D Y N I E T V N A K S Q A M A K V A A 128 
Figure 1. Amino acid sequences of microbial glycohydrolases. A: Aureobasid­
ium sp. endo-xylanase; Sc: Schizophyllum commune endo-xylanase; C: Chainia 
sp. endo-xylanase; Bp: Bacillus pumilus endo-xylanase; Bs: Bacillus subtilisl 
Bacillus circulans endo-xylanase; Pf: Pseudomonas fluorescens endo-xylanase; 
B: alkalophilic Bacillus sp. endo-xylanase; Ct: Clostridium thermocellum endo-
xylanase; Cf: Cellulomonas fimi cellobiohydrolase; Ca: Cryptococcus albidus 
endo-xylanase. Residue numbers are those of the adjacent residue, counting from 
the N-terminus of the mature protein. 
A -
Sc 35/10 -
C 20/13 46/4 -
Bp 31/14 32/12 43/11 -
Bs 29/5 35/6 36/7 35/10 -
Pf 5/14 15/0 18/8 8/14 20/12 -
Β 5/9 15/0 10/3 10/6 12/2 15/8 -
Ct 2/9 11/4 10/5 13/6 7/7 21/8 46/4 -
Cf 2/9 11/0 10/5 8/10 7/7 19/2 39/4 43/4 -
Ca 2/24 12/12 8/18 4/13 7/17 8/12 17/11 15/11 26/11 
A Sc C Bp Bs Pf Β Ct Cf 
Percent homology/Percent gaps 
Figure 2. Comparison of homologies between microbial glycohydrolases. Per­
centages are based on the number of paired amino acid residues between any two 
enzymes. Symbols are as in Figure 1. 
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buffer. Activity on insoluble xylan was approximately 25% greater than on soluble 
xylan at the same concentration. 
Essentially pure xylo-oligosaccharides in 0.5% concentration were incubated with 
Xylanase II at 50°C in 0.05M sodium citrate buffer, pH 5.0 for X5 through X 7 and 
pH 6.05 for Xg and X9 , and samples after varying periods were submitted to HPLC. 
With X5 , X2 and X3 were the major products, with smaller amounts of X4 and D-
xylose produced. Incubation of X$ gave X3 as the major product, followed by X4 and 
X 2 . With prolonged incubation the X4 was consumed to form X 2 and smaller 
amounts of D-xylose and X3. Hydrolysis of X7 led to the formation of X4 and X3, 
with smaller amounts of X5, X^, and X 2 , and a very small amount of Xg. The course 
of hydrolysis of Xg is shown on Figure 3; the formation of materials larger than the 
initial substrate is noticable, as are product distributions unbalanced towards the larger 
product (more Xg than X 2 , for instance, even after prolonged incubation). This 
pattern is repeated with the incubation of X9, where X3 through Xg were the major 
products, but where X7, Xg, and XIQ were produced in higher quantities than X 2 . 
Preliminary kinetic studies indicate that X4 hydrolysis was extremely slow, while 
larger straight-chain substrates were cleaved at rates that increased with increasing 
chain length. It is possible that branched-chain xylo-oligosaccharides were formed 
during incubation with Xylanase Π; their rates of formation and hydrolysis are as yet 
unknown. 
Effect of Temperature and pH on Activity and Stability. When Xylanase II 
was subjected to the standard assay at pH 5 but at several different temperatures, the 
highest activity was found after incubation for 30 min at 60°C. From 21°C to 45°C 
the energy of activation from a linear plot of In (activity) vs. T"1 was 41.6 ± 2.1 
kJ/mol, where the range is the standard deviation. When the standard assay was 
conducted at various pHs and 50°C, the highest activity was at pH 6.05. Activities 
half the maximum were found at pHs 4.4 and 8.0. 
Decay of the enzyme in pH 6.05 buffer at 50°C to 70°C was generally greater than 
first order in remaining activity, in that plots of In (remaining activity) vs. incubation 
time yielded curves of decreasing negative slope. At 50°C an almost stable level of 
85% of the initial activity was attained after more than 60 min incubation. Half-lives at 
60° and 70°C were approximately 25 and 10 min, respectively. When the enzyme was 
assayed at pH 6.05 after 15 min incubation in the assay buffer at 50°C and various 
pHs, the highest remaining activities were found in samples incubated between pHs 5 
and 7. 
Discussion 
In several respects, this endo-xylanase is characteristic of others produced by actino-
mycetes. It attacks the interior p-(l->4)-D-xylosidic links of xylo-oligosaccharides 
more than those near the terminal residues to preferentially yield products of chain 
lengths close to half that of the substrate. This is characteristic also of the only endo-
xylanase, from Aspergillus niger, whose mode of action on linear xylo-oligosacchar­
ides has been thoroughly determined (3). Its rate of attack increases with increasing 
substrate chain length, as expected. The presence of xylosyltransferase activity in an 
endo-xylanase is unusual but not unknown (25,26). Its pH optima for activity and 
stability, while still acidic, are similar to other actinomycete endo-xylanases (7,2) but 
higher than those normal for fungal endo-xylanases. It is a fairly stable enzyme, as are 
other endo-xylanases from actinomycetes. 
There are a number of noteworthy findings issuing from this work. One is the 
partial amino acid sequence of Xylanase II, the first one obtained for an actinomycete 
endo-xylanase. The sequence is highly homologous with the N-terminal sequences of 
endo-xylanases from both the bacterial genus Bacillus and the fungal genus Schizo­
phyllum, and somewhat less so with one from the fungal genus Aureobasidium and 
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another from the bacterial genus Pseudomonas. It is much more distantly related to 
endo-xylanases from other bacteria of the genera Bacillus, Clostridium, and to an 
endo-xylanase from the yeast genus Cryptococcus. Sequences in Figure 1 have been 
ordered by their relationships to each other. Endo-xylanases from Aureobasidium 
sp., S. commune, Chainia sp., B. pumilus, B. subtiluslB. circulons form one 
group, while endo-xylanases from the alkalophilic Bacillus sp. and C. thermocellum, 
the cellobiohydrolase from C. fimi and, more distantly, the endo-xylanase from C. 
albidus form another. These two classes and the endo-xylanase from P. fluorescens 
are mainly related to each through the almost universal (D-GXG) sequence that starts at 
residue 21 of the Chainia enzyme and is found close to the N-terminus of other 
closely related enzymes but in the middle of more distantly related enzymes. 
Homologies between members of the first group, less the Chainia endo-xylanase, had 
been pointed out by Paice et al. (16), Leathers (18), and Okada (27), while those 
between members of the second had been discussed by Grépinet et al. (21), 
Henrissat et al. (28), and West et al. (29). This appears to be the first publication 
linking of the two groups through the conserved Asp21 residue in the Chainia endo-
xylanase, and leads to the supposition that this residue is one of the two acidic residues 
that are involved in catalysis, a proposal previously put forth by Okada (27) based on 
the homology between B. pumilus and B. subtilis endo-xylanases. 
Keskar et al. (30) have determined that essential Trp and Cys residues are in the 
active site of an endo-xylanase from a thermotolerant Streptomyces sp. Addition of 
p-mercuribenzoate to the Chainia endo-xylanase eliminated its activity, supporting the 
possibility of its having an essential Cys residue also. However, there are no con­
served Cys residues in the range covered by Figure 1, and only in the first endo-xylan­
ase group, at position 19 of the Chainia enzyme, is there a conserved Trp residue. 
Therefore, the use of homology to locate these two residues must await the accumulat­
ion of more sequences. 
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